ABSTRACT: Alkali activated materials (AAM) based on calcined metakaolin or illite clay together with waste by-products, such as waste glass or aluminium scrap recycling waste, were tested as value-added materials for pH stabilization in biogas technology where decrease of pH should be avoided. Porous materials with ability to slowly leach alkalis in the water media thus providing continuous control of the pH level were obtained. XRD, FTIR, SEM and titration methods were used to characterize AAM and their leaching properties. It is clear that composition of the material has an important effect on the diffusion of alkali from structure. Namely, higher Si/Al and Na/Al molar ratios may increase pore solution transfer to the leachate. The leaching rate of alkalis from the structure of AAM is high for the first few days, decreasing over time. It was possible to calculate the buffer capacity from the mixture design of AAM. 
INTRODUCTION
Biogas technology provides an alternative source of energy to fossil fuels in many parts of the world. Using local resources, such as agricultural crop residues, municipal solid or food wastes, market wastes and animal waste, energy (biogas) and manure are derived by anaerobic digestion. Traditionally zeolites are used for the immobilization of microorganisms in anaerobic reactors to stabilize and optimize the process efficiency (1) . In this study porous alkali activated materials (AAM) produced from calcined clay and industrial wastes using alkali activation technology were used for optimization of biogas production technology instead of well-known zeolites.
It is known that low-calcium AAMs (geopolymers) are amorphous to semi-crystalline materials that are formed by transformation of alumino-silicates at low temperature in a very short time. The fundamental structures in low-calcium alkali activated systems based on metakaolin are highly disordered, highly cross-linked alumosilicate gel. The alkali solutions (activators) of AAM are typically a mixture of NaOH, KOH, Na 2 SiO 3 and K 2 SiO 3 . It is apparent that the pore solution of AAM contains high concentration of alkali metal cations, typically more than 500 mM in several cases even exceeding 1 M (2), and leaching rate for Na + is high, reaching tens of g/m 2 /day (tens of μm/day) for the first few weeks and decreasing over time (3) . Xie and Ozbakkaloglu observed the leaching of dense low-calcium fly and bottom ash-based geopolymers and described it as efflorescence and the diffusion of alkali salts from the structure of the material (4) . The presence of calcium in the composition of the binder has an important effect on the diffusion of alkalis from AAM. Binders containing significantly lower levels of calcium appear to have approximately 10 times higher effective diffusion coefficients than their high-Ca counterparts. This is highly significant key finding for creation of material with high alkali diffusion for restricting pH decrease in a biogas reactor where acid substances are used. It was seen in previous research that calcium in an AAM is important in the formation of a low-permeability pore system; alkali diffusion measurements confirm these observations and highlight the role of Ca in reducing effective alkali diffusion coefficients by up to an order of magnitude (2) . The general increase in aluminium content of the AAMs followed by decreasing calcium content was examined by P. Duxson. It was expected that tetrahedral aluminium would remove alkali cations from the pore solution and incorporate them into the gel, as has been previously observed for metakaolin-derived alkali aluminosilicate (geopolymer) gels (5) . It is possible to draw parallels with calcium aluminosilicate hydrate (C-A-S-H) gels in ordinary Portland cement systems, where decrease of the aluminium content in the binder increases the amount of alkalis remaining in the pore solution (6) .
The amount of initially dissolved silica present in the activating solution significantly affects the amount of alkali remaining in the pore solution. An inverse correlation observed between silica and alkalis indicated that higher silicate content leads to a higher degree of reaction and thus less residual alkalis in high-alkali systems (2) . In a similar manner higher SiO 2 content (Si/Al 2.26 to 3.76) increases compressive strength of AAM matrix from 38 to 51 MPa (7) . This correlates well with the theory developed in the previous research work of Lloyd in which dissolved silica in the activating solution enhances formation of the binder by preventing re-precipitation of dissolved species on to the surface of ash particles (8) . Previous studies have confirmed (Lloyd et al) that extraction of pore solutions from hardened AAMs is rich with alkali ions and can reach pH 13, with a relatively low dissolved Si concentration. However, these materials consist some soluble Ca playing a buffering role similar to Ca(OH) 2 (2) . Therefore the specific pore structure of AAM together with the capacity to release alkali into water media during prolonged time period indicate possible new fields for their application. Porous AAMs with density from 400 to 800 kg/m 3 using an aluminum powder as blowing agent have been described by Hlaváček et al. but this study did not include diffusion and leaching properties (9) .
Important finding in alkali activation technology is the fact that the hazardous waste could be used as raw material due to AAM capability to immobilize hazardous heavy metals (10, 11) . One of the hazardous materials used in this research is aluminium scrap recycling waste (ASRW). In aluminium scrap recycling industry salt slag, a mixture of salts, aluminium oxide, aluminium metal and impurities are typical residue generated during re-melting of aluminium scrap/dross under a salt layer in rotary furnaces. As it has been classified as toxic and hazardous waste (highly flammable, irritant, harmful and leachable), landfill disposal of this residue is forbidden in most of the European countries and it should be recycled (12) . In this study ASRW was used in the composition of AAM as secondary raw material. Due to the specific chemical composition of ASRW and its reactivity at alkaline media, porous structures of AAMs were obtained. Bai et al. has reported that high strength geopolymer foams with total porosity 81% and open porosity 79% could be obtained using hydrogen peroxide (13). Two types of thermally treated clays were chosen as precursor of AAM: metakaolin (MK) or calcined illite clay (IC). Recycled glass (LSG) was used to modify composition of AAM. The aim of this study was to create porous AAM with predetermined buffering capacity and with ability to slowly leach alkalis in the water media in a long term in order to restrict pH decrease in biogas production process where acidic substances are used and created.
MATERIALS AND METHODS
The novel materials obtained in this research were low-calcium alkali-activated materials (AAM) based on calcined kaolin clay (Surin-Kaolin Ltd., Poland) or calcined local illite clay (Lode Ltd., Latvia). The additional secondary raw materials used in this research were aluminium scrap recycling waste (ASRW) received from aluminium scrap recycling industry facility (Dilers Ltd., Latvia) and glass waste (LSG) received from the glass recycling factory (Lampu Demerkurizacijas Centrs Ltd., Latvia). In order to increase homogeneity and fineness of the novel material, raw materials were ground for 30 minutes using planetary ball mill Retsch PM 400.
The particle size distribution of powdered raw materials was determined by laser granulometer Analysette 22 Nano Tec. BET method (QuadraSorb) was used to determine the surface area of the powdered raw materials. The elemental analysis of ASRW was carried out at Forschungsinstitut fur Nichteisenmetalle Freiberg GmbH (Germany) including inductively coupled plasma optical emission spectrometry (ICP-OES) for Al and Si, atomic absorption spectrometry (AAS) for Na, Mg, K, Ca, Fe, Cu, Zn, Pb, and potentiometer titration analyses (PTA) to determine Cl as well as combustion process to determine S.
The total porosity was determined according to ASTM C188 and the open porosity was measured according to LVS EN 1097-6. Scanning electron microscope (SEM) (Tescan Mira/LMU) was used for microstructural investigation of AAM. Mineralogical composition of raw materials and AAM was determined by X-ray diffraction (XRD) (PAN analytical X'Pert PRO) Chemical composition of raw materials was determined according to LVS EN 196-2 with sensibility ±0.5w%. Structural characterization of raw materials and AAM involving different functional groups was performed with Fourier transform infrared (FTIR) spectrometer (VARIAN 800 FT-IR) between 400 and 4000 cm −1 . AAM were characterized by XRD, FTIR and SEM after 28 day curing at room environment (20±2°C, RH 60±5%). Diffusion of hydroxide ions was tested for 28 days old AAM by immersing cubical specimens (weight 3.5±0.5g) in the deionized water and by measuring the eluted OH -ion concentration over time. Samples were moved to a new bath with deionized water (50 ml) with interval 24 h during 20 days. Titration method to pH 7.0 with 0.01 M HCl was applied every day to determine the released amount of OH -ions in deionized water from all samples. pH level of the water solution was determined with portable pH/mV meter with sensor check HI 991003 and amount of OH -ions as mol/l/g AAM was calculated.
Calcined clays
The process of calcination of raw clay in an air atmosphere rotary furnace at 800 °C for 30 min was used obtain metakaolin (MK) and calcined illite clay (IC) in the laboratory setting. The specific surface area of ground MK was 15. The shoulder at 1100 and 1200 cm −1 (Figure 2a , b) is attributed to amorphous SiO 2 (14) . Band at 685 cm −1 could be attributed to the spinel phase (MgAl 2 O 4 ) which occurs during the calcination of the selected clays (16) . Calcined IC has infrared vibration modes at 1620 cm −1 ( Figure 2b ) associated with bending vibrations of H-O bond. The doublet at 777-795 cm −1 is characteristic of the quartz (17,18), which was not detected for MK.
Aluminium scrap recycling waste (ASRW)
The ASRW is final waste product at the aluminium scrap recycling factories. Chemical composition of ASRW is given in Table 1 . The elemental analysis by ICP-OES, AAS and PTA of the ASRW showed the following content: aluminium -34.4%, silicon -4.4%, magnesium -2.44%, calcium -1.3%, sodium -1.7%, potassium -2.3%, sulphur -0.1%, chlorine -4.2%, iron -3.6%, copper -1.0%, lead -0.1%, and zinc -0.6%. According to the XRD data, the ASRW contained metallic aluminium (Al), iron sulphite ( 
Glass waste from fluorescent lamp recycling factory (LSG)
The LSG was obtained from fluorescent lamp recycling process, which includes lamp classification, glass separation, cleaning from harmful components and glass grinding. The chemical composition of LSG is given in Table 1 . The results of grading analysis showed that the additionally ground material contains a wide range of particle sizes: from 8 µm to 30 µm with the average grain size of 26.3 µm. The specific surface area of LSG was 1.126 m 2 /g.
Alkali activation solution
The AAM were prepared by using alkali activating solution with silica modulus M s 1.67 (SiO 2 to Na 2 O ratio) defined with previous research performed on alkali activation solution properties on AAM structure (19) . Alkali activators were prepared by using commercially available sodium silicate solution from "Vincents Polyline" Ltd. characterized by the silica modulus M s = 3.22. To obtain alkali activation solution with the required chemical composition, the modification with an addition of sodium hydroxide was done. Commercially available sodium hydroxide flakes from "Tianye Chemicals" (China) with 99% purity were used.
EXPERIMENTAL SETUP
It was possible to obtain a porous structure of AAM due to the specific chemical composition of ASRW and its reactivity in alkaline media. LSG was used to modify alkalization process of clays by increasing SiO 2 content in the mixture (20) . Dry raw materials were mixed with the activation solution with silica modulus M s 1.67 at a constant solution/ dry mixture ratio of 0.70 (Table 2) . After mixing, 100 g of this paste were immediately poured into prismatic moulds measuring 4×4×16 cm. Moulds were covered with plastic film and then stored at 80 °C for 24 h. After demoulding specimens were kept at room environment (20±2 °C, RH 60±5 %) until the planned tests were performed.
RESULTS AND DISCUSSION

XRD
The structures of MK-A1-G1 and MK-A1-G0 were "x-ray amorphous". Both of XRD patterns had a halo in the 2 θ = 15 -40° region, which is characteristic for amorphous and/or vitreous compounds (Figure 4) . The broad peak observed from 20 to 30° 2 θ in MK (Figure 1a ) has become wider to 40° 2 θ after the reaction with activator M s 1.67 and shifted to higher angle (Figure 4a) , as is known to occur during geopolymer formation from MK. This shift demonstrates the formation of new amorphous phases, usually described as geopolymeric gels (21, 22) . The presence of the halo can be explained by formation of alkali aluminosilicate gel as the primary reaction product in activation of MK as well as presence of LSG in the composition of MK-A1-G1, where the halo is more pronounced. Generally speaking, the only crystalline phase, which could be identified clearly by XRD analysis, was quartz. Significant difference in the mineralogical composition between AAM made with or without LSG was not determined. The structure of AAM made with IC was not completely X-ray amorphous comparing with AAM made of MK (Figure 4) . The halo for IC-A1-G0 and IC-A1-G1 was not strongly marked in the diffractograms in comparison with MK which can be explained by the crystalline mineralogical composition of IC calcined at temperature 800°C.
FTIR
The infrared spectra (FTIR) for all the samples studied are given in Figure 5 . All AAM specimens with and without glass waste have mode at 446 cm −1 which corresponds to Si-O-Si or Al-OSi bands (22, 23) . Mode at 540 cm −1 is typical only for MK-A1-G0 and IC-A1-G0 and it is associated with Si-O-Al bands, where Al is present in octahedral coordination. In the FTIR spectrums doublet at 777 -795 cm −1 (Figure 5b ) is attributed to Si-O-Si bands recognized as quartz (17) . The small modes at 688 cm −1 could be attributed to the symmetrical stretching vibration of Si-OSi or Al-O-Si bonds (Figure 5a) (23) . The bending vibration of the same bonds was identified at 457 cm −1 (Figure 5b ) (18) . The vibrational band for calcined MK and IC with a maximum at 1085 cm −1 ( Figure 2 ) shifted toward lower frequencies for AAM made with MK and IC, whereas that at 800 cm −1 it disappeared after the alkaline activation. Both modes indicate that the original aluminosilicate structure of the MK and IC was significantly depolymerized and dissolved by the alkaline solutions. For MK-A1-G1 the maximum of the vibrational band appeared at 1020 cm −1 (Figure 5a ), whereas for IC-A1-G1 the maximum located at 1016 cm −1 (Figure 5b ). These bands have broad shape due to the overlapping of various types of bonds, which include Si-O, Si-O-Si, Si-O-Al, and probably Si-OAl-(Na), resulting from the fine intermixing of phases (24) . The shoulder at 1100-1200 cm −1 is assigned to amorphous SiO 2 which indicates that polymerization was not fully completed or amorphous SiO 2 remained unreacted for AAM made with glass (MK-A1-G1 and IC-A1-G1). It seems that presence of the LSG prevents complete reaction of raw materials in alkali media and formation of Al-O and Si-O bands. A lower degree of polymerization of silicates within the remaining gel was observed for samples with LSG. It can be explained by vitreous structure of specimens containing LSG which limits reaction between activator and calcined clay minerals. Therefore the NaOH is available for crystallization on the pore surface and it turns to carbonates in the open air atmosphere.
The most important finding in this research was related to modes at interval from 1436 cm −1 which correspond to the stretching vibration of O-C-O bonds in the carbonate group (CO 3 2-) (17, 25) . Mode at frequency 1436 cm −1 is typical for MK-A1-G1 and for IC-A1-G1 ( Figure 5) . The mode at 881 cm −1 is associated with sodium bicarbonate deformation band (18) . Obviously, the presence of the LSG in the mixture contributes to the formation of carbonate species in AAM. The identification of carbonate phases in a number of studied samples, especially in all samples containing LSG, is particularly relevant were recognized only in the specimens containing higher amount of LSG ( Figure 5 ). The sodium carbonate or sodium bicarbonate was not found in XRD patterns which could be explained by non-crystallized or semi-crystallized form of carbonates concentrated within pores in the form of pore solution or by dissolving and leaching of carbonate species. FTIR analysis was performed for all specimens after 20 days of immersion in deionized water (MK-A1-G1-W and IC-A1-G1-W) with the purpose to determinate changes regarding modes at 881 cm ). The intensity of modes corresponding to O-C-O bonds decreased or disappeared due to leaching of alkali ions and dissolving of carbonates or bicarbonates in the water for the all types of AAM containing LSG as raw material ( Figure 5 , curves IC-A1-G1-W and MK-A1-G1-W). It was associated with solubility of carbonates and bicarbonates in water media. The interpretation of infrared spectra (FTIR) for all the samples studied is summarized in Table 3 .
Leaching of OH-ions
There are four main parameters characterizing the leaching rate of AAM: porosity of AAM (i), amount of ASRW (ii) and LSG (iii) in the composition as well as to the type of clay used (iv). The typical microstructure of AAM is given in Figure 6 . The highest amount of hydroxide ions leached after 20 days (0.0371 mol/l/g AAM ) was for IC-A0.1-G1 with open porosity 16% and total porosity 78% (Table 4 and  Table 5 ). The increase of ASRW (IC-A1-G1) reduced leaching rate to 0.0268 mol/l/g AAM while porosity of AAM increased (24% open porosity and 87% total porosity) (Figure 7a ). Similar tendency was observed for AAM based on IC without LSG -the leaching rate for IC-A0.1-G0 (open porosity 23%, total porosity 69%) was 0.0172 mol/l/g AAM and it decreased to 0.0123 mol/l/g AAM for IC-A1-G0 (open porosity 26% and total porosity 84%). MK-A1-G0 provided similar results with regard to porosity and leaching. The leaching of OH-ions was slightly higher for samples with higher open porosity (29%) -0.0077 mol/l/g AAM for MK-A1-G0 and 0.0052 mol/l/g AAM for MK-A0.1-G0 (26%). The material porosity did Figure 7b ). The total porosity of AAM decreased from 84 to 79% by reduction of ASRW in mixture composition. The open porosity of MK-A1-G1 increased from 16 to 21% and the leaching of OH -ions was 0.0110 mol/l/g AAM . Leaching rate for MK-A0.1-G1 was slightly lower -0.0090 mol/l/g AAM .
The equipollent relationship between leaching rate and porosity was not found, thus it can be concluded that the leaching rate depends on the composition. It seems that ASRW influences mixture composition and the leaching rate of hydroxide ions; lower amount of ASRW increased leaching rate of alkali ions for AAM made of IC. Most likely it can be explained by geopolymerization process of raw materials where ASRW provides increased amount of Al 2 O 3 . The fact that leaching rate for AAM based on MK was not strongly influenced by the amount of ASRW in the composition could be explained by several factors: the amount of ASRW added to mixture composition did not have significant impact on material porosity; MK has higher amount of Al 2 O 3 compared to IC; and aluminium content of the AAM does not play such an important role in removing alkali ions from the pore solution; total amount of Ca in MK based AAM system is higher compared to AAM made of IC.
The general tendency for all samples analyzed in this research is that leaching rate decreased for AAM made of both clays without LSG compared with samples with LSG.
The leaching rate could be attributed to the SiO 2 / Al 2 O 3 and Na 2 O/Al 2 O 3 mass ratio of AAM (Table 5 and Figure 8 
CONCLUSIONS
In general, the amount of ASRW and LSG, and the type of clay used in the composition of AAM affect leaching rate of alkali ions. ASRW is also responsible for the creation of porous structure, which was characterized by open and total porosity. LSG in its turn can affect reaction between the activator and calcined clay minerals (approved by FTIR) and enhances the appearance of sodium carbonates or bicarbonates.
The AAM made of IC can leach on average 3 times more alkali ions than AAM made with MK mainly due to a higher SiO 2 /Al 2 O 3 ratio which may influence pore solution transfer to the leachate. AAM made from IC leached 50 to 70% of the totally leached amount of OH -ions during the first day; the reduction of ASRW in mixture composition of AAM led to higher leaching rate. Higher amount of LSG in its turn could increase the total leaching of alkalis significantly. The AAM made with MK leached significantly smaller amount of OH -ions during the first day compared to AAM made of IC; the amount of ASRW in composition had smaller effect on the leaching rate, but the effect of LSG was equivalent as for the AAM based on IC.
The obtained alkali activated materials are suitable for biotechnological processes where acidic substances are used, and where it is necessary to increase pH rapidly at the beginning of the process (first 5 days) and then keep it constant in the range of pH 6-7 for next 20 days. In the cases, where the acidity of substances used in biotechnology processes is lower, AAM made from MK is more suitable because only 30 to 40% was leached during the first day. The leaching of OH -ions from the AAM made with MK was more even compared with AAM based on IC. The obtained materials have various buffering capacity rates and long term alkali diffusion to restrict pH decrease in biogas production process. 
